Understanding gravity in the framework of quantum mechanics is one of the great challenges in modern physics. Along this line, a prime question is to find whether gravity is a quantum entity subject to the rules of quantum mechanics. It is fair to say that there are no feasible ideas yet to test the quantum coherent behaviour of gravity directly in a laboratory experiment. Here, we introduce an idea for such a test based on the principle that two objects cannot be entangled without a quantum mediator. We show that despite the weakness of gravity, the phase evolution induced by the gravitational interaction of two micron size test masses in adjacent matter-wave interferometers can detectably entangle them even when they are placed far apart enough to keep Casimir-Polder forces at bay. We provide a prescription for witnessing this entanglement, which certifies gravity as a quantum coherent mediator, through simple correlation measurements between two spins: one embedded in each test mass. Fundamentally, the above entanglement is shown to certify the presence of non-zero off-diagonal terms in the coherent state basis of the gravitational field modes.
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Quantizing gravity is one of the most intensively pursued areas of physics 1,2 . However, the lack of empirical evidence for quantum aspects of gravity has lead to a debate on whether gravity is a quantum entity. This debate includes a significant community who subscribe to the breakdown of quantum mechanics itself at scales macroscopic enough to produce prominent gravitational effects [3] [4] [5] [6] , so that gravity need not be a quantized field in the usual sense. Indeed it is quite possible to treat gravity as a classical agent at the cost of including additional stochastic noise 7 . Moreover, oft-cited necessities for quantum gravity (e.g. the Big Bang singularity) can be averted by modifying the Einstein action such that gravity becomes weaker at short distances and small time scales 8 . Thus it is crucial to test whether fundamentally gravity is a "quantum" entity. Proposed tests of this question have traditionally focussed on specific models, phenomenology and cosmological observations (e.g. 2, [9] [10] [11] [12] but are yet to provide conclusive evidence. More recently, the idea of laboratory probes, proposed originally by Feynman 13 , have started to take hold, but the existing ideas emphasize looking for stochastic fluctuations in the gravitational force [14] [15] [16] . Here we open up an alternative direction: probing the quantum coherent aspect of gravity, which seems to offer an unambiguous, and much more prominent, witness of quantum gravity than existing laboratory based proposals.
We show that the growth of entanglement between two mesoscopic test masses in adjacent matter-wave interferometers ( Fig.1(b) ) can be used to certify the "quantum" character of the mediator (gravitons) of the gravitational interaction -in the same spirit as a Bell-inequality certifies the "non-local" character of quantum mechanics and in the same vein that quantum entanglement can enable the probing of unknown processes 17, 18 . We make two striking observations that make the test for kgs (with which intereference experiments might soon be possible 19 ) separated by ∼ 100 µm, the quantum mechanical phase
Eτ induced by their gravitational interaction (with E being their gravitational interaction energy, and τ ∼ 1s their interaction time) is significant enough to generate an observable entanglement between the masses; (ii) If we use test masses with embedded spins and a Stern-Gerlach scheme 21,22 to implement our interferometry, then, at the end of the interferometry, the gravitational interaction of the test masses actually entangles their spins which are readily measured in complementary bases (necessary in order to witness entanglement). To identify "which" quantum aspect of gravity is responsible for the aforementioned entanglement, we use the linearized quantized version of Einstein's theory of gravity 23 to find that off-diagonal terms in the coherent state basis of the gravitational field modes (a uniquely quantum attribute) is necessary. In particular, if, after including a quantized gravitational field in our calculations explicitly, we make it "classical" -i.e., suppress by hand the off-diagonal terms in the coherent state basis of the gravitational field modes, we automatically destroy the generation of entanglement between the masses.
Our proposal relies on a simple assumption: the gravitational interaction between two masses is mediated by a gravitational field (in other words, it is not a direct interaction-at-a-distance). Once we make this assumption, we use a central principle of quantum information theory: entanglement between two systems cannot be created by Local Operatons and Classical Communication (LOCC) 24 . Translating to our setting, any external fields (including the gravitational fields of other masses) acting on the test masses can only make local operations (LO) on their states, while a classical gravitational field propagating between the masses can only give a classical communication (CC) channel between them. These LOCC processes cannot entangle the states of the masses. Thus it immediately follows that if the mutual gravitational interaction entangles the state of two masses, then the mediating gravitational field is necessarily quantum mechanical in nature. One physical way to understand this is a through comparison to trapped ion quantum computation, where to entangle two ions a quantum bus, namely a quantized vibrational mode, is necessary -a classical bus does not serve the purpose. Our scheme is thus an explicit realization of the general idea that the entanglement of two accessible quantum systems mediated by a third "inaccessible" system, can be used to evidence the quantum character of the mediator 18 . It follows Feynman's prescription 13 that in a two mass scenario, one should analyse the "channel provided by gravitational field itself via the quantum mechanical amplitudes" -the inescapable conclusion of such a treatment is the creation of entanglement between masses.
Entanglement due to gravitational interaction:-We first consider a schematic version that clarifies how the states of two neutral test masses 1 and 2 (masses m 1 and m 2 ), each held steadily in a steady superposition of two spatially separated states |L and |R as shown in Fig.1(a) for a time τ , get entangled. We will describe later how this will be achieved following the scheme shown in Fig.1(b) . Imagine the centres of |L and |R to be separated by a distance ∆x, while each of the states |L and |R are localized Gaussian wavepackets whose widths are much less than ∆x so that we can assume L|R = 0. There is a separation d between the centres of the superpositions as shown in Fig.1 (a) so that even for the closest approach of the masses (d − ∆x), the short-range Casimir-Polder force is negligible. Distinct components of the superposition have distinct gravitational interaction energies as the masses are separated by different distances and thereby will have different rates of phase evolution. Under these circumstances, the time evolution of the joint state of the two masses is purely due to their mutual gravitational interaction, and given by
(1)
where ∆φ RL = φ RL − φ, ∆φ LR = φ LR − φ, and
One can now think of each mass as an effective "orbital qubit" with its two states being the spatial states |L and |R , which we can call orbital states or spatial bins. Essentially we have dichotomized the motional state of the masses so that these can be treated as encoding a qubit in their spatial degree of freedom. As long as
not the same state (which is very generic, happens for any ∆φ LR + ∆φ RL = 2nπ, with integral n), it is clear that the state |Ψ(t = τ ) 12 cannot be factorized and is thereby in an entangled state of the two orbital qubits. Witnessing this entanglement between the spatial states of the masses then suffices to prove that a quantum field must have mediated the entanglement between them as a classical field cannot entangle the states of spatially separated objects. In fact, the entanglement between the massive orbital qubits increases monotonically over ∆φ LR + ∆φ RL evolving from 0 to π, with the entanglement being maximal for π. Thus it is worth seeking conditions such that
so that the entanglement between the states of the masses is significant and can be easily witnessed.
It makes sense to start with particles of the largest possible masses, namely m 1 ∼ m 2 ∼ 10 −14 kgs for which there have already been realistic proposals for creating superpositions of spatially separated states such as |L and |R 19 , although in this work, we will adopt (with some modifications) the mechanism of Ref. 21 . Typically (such as for diamond) these are micro-crystals of radius r ∼ 1 µm. Note that we are constrained to design an experiment in which only the gravitational interaction is active. This means that for r ∼ 1 µm micro-spheres, the allowed distance of closest approach is d − ∆x ≈ 200µm, which is the distance at which the Casimir-Polder interaction 35, 36 (estimation to be shown later) is a tenth of the gravitational interaction. The gravitational inverse square law has been tested at the percent level at these distances 37 . Now, just to get a basic estimate of the parameters which are needed to satisfy Eq.(3), let us consider the situation when the masses are separated by a far shorter distance for the RL component of the superposition than for the other three configurations, i.e.,
we have
Under these circumstances, we see that if the duration for which we can hold the superposition without decoherence is τ ∼ 2s then we can satisfy Eq.(3) and get a significant entanglement between the dichotomic spatial degrees of freedom of the two masses. In practice, it is very difficult to witness directly the entanglement between the dichotomized spatial orbital degrees of freedom as generated above as, for that, one will need to measure the spatial degrees of freedom in more than one spatial bases (which involves constructing ideal two port beamsplitters for massive objects). We next show how we naturally solve this problem by resorting to Stern-Gerlach (SG) interferometry which has recently been achieved with neutral atoms 22 , and proposed for freely propagating nano-crystals with embedded spins 21 . Gravitational Entanglement Witnessing in SG Interferometry:-The SG interferometer is not only a convenient means to create a superposition of spatially separated state; at the end of a SG interferometer, as we now show, the orbital entanglement is naturally mapped on to spin entanglement, and thereby much simpler to witness as spins are easily measurable in arbitrary bases. A SG interferometry (shown in Fig.1(b) ) occurs in three steps, which we now illustrate:
Step 1: A spin dependent spatial splitting of the centre of mass (COM) state of a test mass m j in the following way
where |C is the initial localized state of m j at the centre of the axis of the SG apparatus and |L and |R are separated states localized on its opposite sides along the axis (these are qualitatively the same ones as shown in Fig.1 ).
Step 2: "Holding" the coherent superposition created above (Eq.(5) for a time τ (Consider the magnetic field of the SG effectively switched off for a duration τ ).
Step 3: The third and final step brings back the superposition through the unitary transformations
which is, essentially, a refocussing SG apparatus with magnetic field homogeneity oriented oppositely to the apparatus in step 1 (although, in practice, it is best to keep the same magnetic field inhomogeneity and simply flip the spin so as to reverse the SG effect of step 1). Let us now assume that two such SG interferometers with neutral test masses m 1 and m 2 operate in close proximity (but masses do not come so close as to have a significant Casimir-Polder interaction) as depicted in Fig.1(b) . Moreover, we assume temporarily that the evolution time in steps 1 and 3 (when the spin-dependent splitting and recombination takes place) is much smaller than the time needed for the accumulation of a non-negligible gravitational phase. Then during the step 2 of the SG interferometry, due to the mutual gravitational interaction, the joint state of the two test masses evolves exactly as in Eq.(1)-Eq.(2) with the orbital qubit states |L j and |R j replaced by "spin-orbital" qubit states |L, ↑ j and |R, ↓ j . When we follow-up the evolution of Eq.(2) of spin-orbital qubits with the step 3 of Eq.(6), then we obtain the state at the end of the SG interferometry to be
where the unimportant overall phase factor outside the state has been omitted. The above is manifestly an entangled state of the spins of the two test masses. It can be verified by measuring the spin correlations in two complementary bases in order to estimate the entanglement witness W = | σ
If W is found to exceed unity then the state is proven to be entangled, and, thereby, the mediator, the gravitational field, a quantum entity.
An Explicit Scheme:-We now outline an explicit interferometer. Each SG interferometer has to be fed in by neutral masses with a very low internal temperature and an embedded electronic spin. We can assume a scenario where they are released simultaneously from two adjacent traps separated by d ∼ 450 µm, and fall vertically through their respective interferometers as, for example, envisaged in Refs. [19] [20] [21] . Micro-diamonds with an embedded NV centre spin is one candidate for being the test mass -they can be trapped in diamagnetic traps 33 and we have to aim to cryogenically cool their internal temperature to ∼ 0.15 K. Alternatively objects such as Yb micro-crystals with a single doped atomic two-level system in optical traps can be cooled in their internal temperature by laser refirgeration. Any charges should be neutralized immediately following their release from their traps by demonstrated means 34 . The core aim is to drop two objects simultaneously -one through each interferometer -so that their states can become entangled through their mutual gravitational interaction while they traverse their respective interferometers. To this end, we adopt, in each interferometer, a modified version of the SG interferometry scheme of Ref. 21 for splitting into two parts and then recombining the wavepacket of each mass in the horizontal direction while they fall vertically through the interferometer. In step 1 of the SG interferometer described schematically by Eq.(5), the test masses are subjected to an inhomogeneous magnetic field gradient in the horizontal direction for a time τ acc with a spin-flip (by a short microwave π/2 pulse) exactly midway at time τ acc /2. Thus the initial state of each mass (say, a Gaussian wavepacket just below their respective trap location) is subjected to a spin dependent acceleration and decceleration in sequence, to reach at time τ acc a superposition of spatially separated states |L, ↑ j and |R, ↓ j centred at x j,L and x j,R respectively with a spatial separation of
where µ B is the Bohr magneton, g ∼ 2 the electronic g-factor and ∂ x B the field gradient in the horizontal (x) direction. For a micro-object of mass m ∼ 10 −14 kg, a magnetic field gradient of ∼ 10 6 T m −121 and a time τ acc ∼ 500 ms, ∆x ∼ 250µm. Note that this corresponds to the masses being separated by d−∆x ∼ 200µm at their closest approach at which the Casimir-Polder potential 35, 36 
2 ∼ 0.1 of the gravitational potential, where we have taken R ∼ 1µm as the radius of each micro-object (assumed spherical) and ∼ 5.7 as the dielectric constant of diamond. At this stage, step 2 is carried out: A microwave pulse is used to swap the electronic state to the nuclear spin state, so that the masses are not subjected to spin dependent forces any more, and evolve by falling in parallel next to each other for a time τ . If we allow only a time of τ ∼ 2.5 s for this step, then the masses continue to fall parallel to each other to a very good approximation: their movement towards each other due to their gravitational acceleration towards each other Gm/(d − ∆x) 2 ∼ 10 −16 ms −2 is truly negligible. Under these circumstances, given the different steady separations |x 1,ξ −x 2,ξ | (where ξ, ξ ∈ {L, R}) the phases ∆φ LR ∼ −0.2 and ∆φ RL ∼ 0.7 accumulated due to the gravitational interaction over the time τ ∼ 2.5s. This phase accumulation alone gives W ∼ 1.16 implying a gravitationally mediated spin entanglement. In practice, the witness will give a larger value as phase accumulation and the adjoining entanglement growth happens also during steps 1 and 3 of the SG interferometry.
Decoherence:-We require both the orbital and spin degree of freedom of the mases to remain coherent for the whole duration of the experiment. As we map to nuclear spins for step 2 of the interferometry with their very long coherence times, we only require electronic spins coherent for 1s (in steps 1 and 3), which should be possible for micro-diamond below 77 K 39 with dynamical decoupling pulses on its spin bath 40 . To estimate collisional and thermal decoherence times [41] [42] [43] of the orbital degree of freedom we consider the pressure P = 10 −15 Pa and the temperature 0.15 K: the collisional decoherence time for a superposition size of ∆x ∼ 250 µm is the same order of magnitude as the total microsphere's fall time τ + 2τ acc ∼ 3.5 s, while the thermal decoherence mechanism, due to scattering, emission and absorption of environmental photons, is negligible. Note that speculated spontaneous collapse mechanisms [3] [4] [5] , if true, will typically lead to a strong loss of coherence on the time-scale of the experiment and inhibit the gravitationally mediated entanglement. A pivotally important stage preceding the entangling experiment is to take the interferometers far apart from each other to characterize the relative phases between the two paths in each SG interferometer as affected by nearby surfaces, other masses etc. While these are LO and thereby cannot give spurious entanglement between the test masses, the spin operators used in the Witness W will have to readjusted in accordance to these local phases. Note that although the internal cooling is necessary, the centre of mass motion of the test masses, if originally released from ∼ 1 MHz traps, are allowed to have a temperature as high as 100 K as that causes only a factor of ∼ 10 −2 change in the gravitational phase, while the change due to spreading of the wavepacket during the experiment is truly negligible.
Overcoming challenges:-The significant value of W that we demand necessitates the long times τ + 2τ acc and high ∂ x B. The latter could be achievable in principle using superconducting magnets with embedded flux 38 with the test mass staying 5µm from the surface of a 10µm magnet (will require motorized magnets co-moving with the masses maintaining constant distances from them; there will be four magnets, one close to each of the spin dependent position components of each mass), while the former could be met in a drop tower or space-based experiment. Smaller ∂ x B, enabling placements of magnets at a further/fixed distance from the masses, and shorter durations of the experiment permitting normal laboratories, are affordable if much smaller phases can be detected from the spin measurements to check ∆φ RL + ∆φ LR = 2nπ. For example, a much more modest ∂ x B ∼ 10 4 T m −1 would prepare ∆x ∼ 1µm superpositions and require us to detect ∆φ
. The low internal temperatures necessary for lowering the matter wave decoherence could be achieved in principle by liquid helium-3 droplets around the microobject while in their traps 44 . Potential charge multipoles existing inside the objects could be averaged out by set-ting the test masses spinning while they traverse the interferometer (recently this has been demonstrated with circularly polarized light 45 ). If a diamagnetic material such as diamond (magnetic susceptibility χ m ∼ 10 −5 ) is used, one will also need to cancel the overall field on the microspheres (say, by an external field) so that the two masses do not interact directly magnetostatically via induced magnetic moments. As this interaction ∝ χ 2 m a tailored material of χ m ∼ 10 −7 will suffice to keep the magnetic field variation over the microsphere small enough to affect the above cancellation. Tailored materials, for example, coating a diamond by a much denser material, may also indeed be used to enhance the gravitational interaction with respect to the Casimir-Polder interaction.
Which quantum aspect of gravity is probed? Let us now write down (somewhat schematically) the evolution of the system during step 2 of the SG interferometry including explicitly the quantum state of the gravitational field assuming the standard low energy effective field theory for gravity. This will explicitly show which qualitative aspect of the quantum nature of the field (namely the fact that it can stay in a superposition of distinct states) is necessary to entangle the masses. Here one quantizes small deviations h µν about the Minkowskian metric (formally g µν = η µν + h µν where g µν is the full metric, η µν the Minkowskian metric, and h µν small deviations on that). In the laboratory frame one can always define a unique time direction -thereby we can unambiguously write a Hamiltonian. Moreoever, the velocities of the masses at any point of time are assumed to be much smaller than the speed of light c so that only the T 00 component (the mass-energy density) of the energymomentum tensor of the matter field is non-negligible, and thereby only the h 00 component evolves. Typically the mass m j would be the excitation of a continuum neutral scalar field, but in our case only two possible localized states are allowed in each interferometer among all the available spatial positions r. We will thus schematically represent the state in each interferometer as a dichotomic state: a † j,ξ (ξ ∈ {L, R}) stand for the creation operators of a mass m j in a spatially localized wavepacket around the point r j,ξ = x j,ξêx (as the motion in the z direction does not change the mutual interaction during step 2 of the SG interferometer, we set z = 0). The total Hamiltonian thereby is (assuming a volume V → ∞ over which the gravitational field is normalized)
where ω k = ck, k = |k|, λ ∈ {×, +} are two independent polarizations of the gravitational field modes (creation operator b † k,λ ) and the last term (interaction term) originates from the interaction Hamiltonian c 3 kV . We have taken the view that the scalar fields representing the masses interact simultaneously with the common gravitational field modes, albeit at different locations, and ignored the propagation of the field from one mass to another as the masses are very close. Time evolution according to the above Hamiltonian has been exactly solved earlier in the context of quantum optomechanics 46 , which we can readily apply to find the time evolution of the joint state of the matter and gravitational fields (for arbitrary initial coherent states |β k k,λ of the field modes)
where |α k,ξ,ξ k,λ are coherent states of the gravitational field with amplitude α k,ξ,ξ = (
ω k e ik.r 2,σ ,t )(e iω k t −1) (a small phase factor and a global phase factor has been omitted).
Note that the overlaps between coherent states |α k,ξ,ξ k,λ of a given mode k, λ are exceedingly high so that the joint state can be well approximated at all times as a product state of the gravitational field and the masses so that the cross terms ∝
k 2 in the phase factor in Eq.(9) can be evaluated as an integral over momentum space to precisely give the gravitational mutual interaction induced phase shifts ∆φ ξ,ξ . On the other hand, the factorization is only approximate and strictly the state in Eq.(9) is manifestly entangled (albeit an extremely low amount) with the gravitational field. If the field was artificially made classical by destroying all off diagonal terms |α k,ξ,ξ α k,ξ ,ξ | k,λ , then the coherence between the distinct states of the matter field would also be instantaneously lost. Note that such a complete destruction of the off-diagonal terms amounts of reading reliably (or making a reliable record somewhere of) the highly non-orthogonal (nearly overlapping) states which should be impossible following unitary dynamics -so this is indeed an artificial process just to ascertain that it is the quantum coherence between the coherent states |α k,ξ,ξ k,λ of the gravitational field that allow for the gravitationally mediated entanglement.
Summary:-How to consistently combine gravitational fields and quantized matter for a unified theory of physics has been an important issue. While gravity is one of the fundamental forces, its weakness has made it difficult to test theories on its nature. In particular, in order to treat gravity in the context of quantum mechanics, it is important to answer the question, is gravity a quantum entity? Lack of a scheme to test this question has been a long-standing issue. In this paper, based on the definition of quantum correlations, we introduce an idea to solve this problem: to observe the entanglement of two test masses to ascertain whether the gravitational field is a quantum entity that follows the principle of quantum superposition. Instead of using the gravity of one test mass to change the position of another [14] [15] [16] 25, 26 , which is a tiny effect to measure for a test mass as small as those for which large quantum superpositions are feasible, we consider a change of the phase affected by the gravitational interaction, which we find to be relatively large even for a pair of small test mass. Thus the test described here gives a much more prominent witness than tests of gravitational fluctuations, and is several orders of magnitude stronger than other predictions in the low-energy long-distance sector of quantum gravity such as post-Newtonian corrections 27, 28 and decoherence induced by the gravitational field background [29] [30] [31] . The prescriptions we have provided for overcoming the challenges will set out a roadmap towards such experiments and could have other beneficial spin-offs on the way, such as the measurement of the Newtonian potential for microspheres, given that so far it has only been measured for much larger masses (this will only need one interferometer and a proximal mass) 25, 32, 37 . Our proposal also includes a transfer of entanglement from phase space of the motion of the test mass to the state of spins embedded in the test masses. Thus the idea and scheme presented in this paper arguably opens up the shortest route known to date for a laboratory experiment of quantum gravity.
Note Added: After this work was completed, we became aware of similar independent work by Marletto and Vedral (on arXiv today).
